Aims The aim of this study was to cross correlate data on physico-chemical parameters of soil with rhizosphere microorganisms and plant species in order to gain more knowledge about formation of soil and development of plants in the face of the changing climate on Spitsbergen and relations between them. Methods We investigated physico-chemical parameters of soil samples and the number and biodiversity of microorganisms, bacteria (oligotrophic and copiotrophic), and fungi. Moreover, heavy metal concentrations in 6 species of vascular plants collected in different areas were analysed. Results The soil samples varied considerably in pHfrom acid to alkaline, texture -from sand to loamy sand, and C:N ratio -from very low to high. In the soils, only partial Cd elevation expressed as the geoaccumulation index (I geo ) and the enrichment factor (EF) was detected. In the plants, the most significantly elevated concentrations of heavy metals expressed as I geo and EF as well as the biological accumulation factor, bioconcentration factor, and translocation factor were detected in Salix polaris, Dryas octopetala, and Draba corymbosa. The high number of bacteria corresponded with an increase in the ecophysiological diversity index and the low colony development index, whereas a reverse relationship was found for fungi. Conclusions There was no significant impact of the geochemical properties on the total content of heavy metals in soil. The similar position of Cd and Pb in the order of heavy metal accumulation in the soil and plants was confirmed. TF showed that mainly these two metals were transported efficiently from roots to shoots. In the plants, the metals were distributed depending on the life form and their higher levels were detected in the woody perennials, e.g. S. polaris, D. octopetala, D. corymbosa, than in the herbaceous perennials. Very high numbers of culturable microorganisms were determined, regardless of the soil properties and plant species, which indicated that they were involved in the transformation of compounds containing C, N, and P and in the availability of heavy metals. The microorganisms and plants colonizing Spitsbergen soils showed great plasticity and adaptability to low temperatures and elevated Cd content.
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Introduction
Arctic ecosystems are abundant in microorganisms that intensely mineralize carbon and nitrogen compounds and convert them into greenhouse gases; therefore, they might be implicated in the global climate changes (Nikrad et al. 2016) . Given the ongoing climate changes leading to thawing permafrost ground, soils should receive increasing interest (Halbach et al. 2017) . The physico-chemical properties (e.g. pH, texture, organic matter, and metal content) of the soils of the Arctic vary considerably (Nikitina et al. 2015) , but the Arctic and Antarctic permafrost harbours ca. 25% of the world's total soil organic material (Nikrad et al. 2016) . The knowledge of the microbial and plant community structures and functions in the Arctic habitats is still insufficient. Although most of the Earth's biosphere is characterized by low temperatures (<5°C), coldadapted microorganisms and plants are widespread (Nikrad et al. 2016) .
The area of Spitsbergen is covered by different formations, glaciers, and a few types of initial (immature) and weakly developed soils (Melke and Uziak 2006) . The most important soil-forming process in permafrost areas is cryoturbation (Szymański et al. 2015) . The upper parts of the soil profile are characterized by the highest content of organic carbon and nitrogen in the soil, and the texture, mineral composition, and pH seem to be its most important physico-chemical parameters (Szymański et al. 2016) .
Svalbard is located in the subpolar climate zone, but its different parts vary considerably. The W and SW parts of the archipelago are influenced by mild polarair masses and the E and N parts are under the direct influence of Arctic masses. The interior of the W part has a more continental climate and is therefore warmer. T h e in t e r i o r f j o r d a r e a s a n d v a l l e y s ( e . g . Recherchefjorden), sheltered by the mountains, exhibit smaller temperature differences than the coast, reaching temperatures that are approx. 2°C lower in summer and 3°C higher in winter.
The plant distribution in the Arctic region is affected by the harsh environment, such as low nutrient availability, low temperature, and a short growing season (ca. 4 months). These conditions generally result in speciespoor communities (with low diversity) in Arctic vegetation zones compared to other similar climate regions (Kleiden and Mooney 2000) . Furthermore, the relatively poor flora reflects the spatial isolation of the area from the European continent. Svalbard is classified as a physiognomic category of a sedge/grass moss wetland (Walker et al. 2006) . Its flora covers approx. 10% of the Spitsbergen area (Borysiak and Ratyńska 2004) .
According to the data provided by the Norwegian Polar Institute (www.environment.no), there are 173 species of vascular plants, 373 mosses, and 597 lichens. Other sources (Nilsen et al. 1999 ) mention 191 taxa of vascular plants. The most numerous genera are Carex (13), Saxifraga (13), and Draba (12). On the Svalbard Archipelago, there are two regions of middle and high tundra vegetation. The criteria for distinguishing the regions include geology, local climate, persistence of snow cover, soil thawing depth, ground drainage, soil eutrophication, and vegetation grazing by reindeers, geese, and other birds. The area occupied by plants forms two zones -Cassiope tetragona occupies the central part of Spitsbergen and Dryas octopetala occurs along the western and northern coast of the island. The Dryas octopetala zone is one of the warmest regions of the island and is associated with larger groups of dry ridges, which are rich in calcium. Communities with Saxifraga oppositifolia and Salix polaris have developed in this zone (Borysiak and Ratyńska 2004) . Most of the plants and soil investigated in this study were collected in this vegetation zone.
Although there are only a few sources of local pollution on Svalbard (e.g. coal mining, power plant, airport, and local traffic), heavy metals emitted at distant sites (e.g. in Europe) can be transported in the atmosphere even to Svalbard (Halbach et al. 2017) . Therefore, this island is an important area for investigating long-range transport of heavy metals. Some data show that the heavy metal accumulation order for Arctic soils may be as follows: Co > Pb > Cu > Zn > As > Ni > V > Mn and permissible levels of heavy metals are detected in these soils (Nikitina et al. 2015) .
Despite the extreme environmental conditions on Spitsbergen, many diverse microorganisms have colonized the water and land in this area. These microorganisms representing psychrophilic and psychrotolerant organisms have developed different mechanisms of adaptation to unfriendly environments, such as halotolerance, metal tolerance, and antibiotic resistance (Tomova et al. 2014) . Thus, the population of polar microorganisms is worth investigating. Copiotrophic microorganisms grow at high nutrient concentrations and are unable to survive at nutrient limitations (Winiarczyk et al. 2014) . In contrast to their strategy of growth, oligotrophic microorganisms are well adapted to extreme environmental conditions with low concentrations of nutrients and specialize in a slow growth rate (Wolińska et al. 2015) . Few reports refer to the division of Arctic microorganisms into representing r and K strategies. It is generally accepted that Arctic organisms represent mainly passive-tolerant adaptive strategies (r strategy) and rarely resistant-active type (K strategy) (Shatlovich et al. 2009 ).
In mature soils, plant species and soil types determine the selection of the root microbiome, but which of these factors drives rhizosphere selection in the developing Spitsbergen soils has not yet been established (Mapelli et al. 2018 ). Spitsbergen provides a natural environment for identification of rhizosphere selection factors in developing soils. Moreover, the dynamics of microbial and plant responses to climate warming is still not well understood and needs characterization. Adaptation of microorganisms and plants to low temperatures and abiotic stresses (e.g. heavy metals) in the changing environment can contribute to understanding the global changes.
We have tested the hypotheses that a) the number of a culturable microbial community and microbial biodiversity (oligotrophic and copiotrophic bacteria and fungi) within the different rhizosphere soil habitats are uniform across Spitsbergen, b) the habitats are affected by the properties of soil and by plant species, c) there is a relationship between the content of heavy metals in soil and plants.
The aim of this study was to cross correlate data on physico-chemical parameters of soil with rhizosphere microorganisms and plant species in order to gain more knowledge about formation of the soil and development of plants in response to the changing climate on Spitsbergen and relations among them. With greater understanding of these correlations in vulnerable ecosystems, we may be able to predict future changes in advance.
Materials and methods

Study area
The study area was located in the High Arctic on Spitsbergen, the largest island of the Svalbard Archipelago. More specifically, it was Recherchefjorden, i.e. the NW part of Wedel Jarlsberg Land (WJL) situated in the SW area of Spitsbergen with geographical location described by NE coordinates (latitude, longitude) (Supplementary Fig. 1a ; Electronic supplementary file).
In terms of the geological structure, the landform (geomorphological analysis) and the lithology of the sampling points were arranged into six areas: CALCalypsostanda, POC -the extramarginal outwash plain of Renardbreen, REN -the inmarginal zone of Renardbreen (Renardbreen foreland), REINReinholmen, CH -the lower part of Chamberlindalen, and LN -the eastern coast of Recherchefjorden near Laegerneset (Table 1; Supplementary Figs. 1, 2) .
The main four geological blocks, five units, morphology, cover sediments, granulometric fractions, and texture in the analysed areas were characterized and presented in Table 1 , Supplementary Fig. 1b -g, 2, and Electronic supplementary file.
Meteorological data
The selected meteorological data were measured in the Maria Curie-Skłodowska University Polar Station in Calypsobyen ( Supplementary Fig. 1a ) in a multiyear period of 1986-2011 (Mędrek et al. 2014) and from 2012 to 2016 (Franczak et al. 2016; Mędrek et al. 2014 ; unpublished data) (Supplementary Table 1 ). The data showed an increase (except for 2012) in the minimum daily mean air temperature against the multiyear mean. Fluctuations of the maximum daily mean temperature were observed, from a decrease (2012) (2013) (2014) to an increase (2015) (2016) against the multiyear mean. The mean values of wind speed in 2014-2016 were slightly lower, but the decrease in the maximum daily mean was substantial. There were significant changes in precipitation values from a 3-fold increase in 2013 and 1.5-fold elevation in 2015 and 2016 to reduction in 2012 and 2014. Supplementary Fig. 4 , Electronic supplementary file). Mixed samples from five specimens of each species divided into shoots and roots were prepared, dried and homogenized.
The analyses of soil and plant samples were repeated three times.
Physico-chemical analysis of soil
The pH was measured potentiometrically in water (soil:water, 1:2.5) and 1 M KCl (soil:1 M KCl, 1:2.5). Soil hydrolytic acidity (exchangeable hydrogen; Hh) was measured after extraction from 1 M KCl (van Reeuwijk 2002) . The sum of total exchangeable bases (TEB) was determined using atomic absorption spectrophotometry (AAS, Agilent 240 FS F-AAS, Santa Clara, California, USA) after extraction from the soil with 1 M ammonium acetate. Cation exchange capacity (CEC) of the soils was calculated as a sum of hydrolytic acidity and total exchangeable bases (van Reeuwijk 2002) . The degree of base saturation (V%) was calculated as a proportion of the sum of basic cations (TEB) to soil sorption capacity (CEC) multiplied by 100. The soil texture was analysed using a Malvern Mastersizer analyser with a HydroG dispersion unit (Mastersizer MS-2000, UK) and the soil taxonomy was based on USDA (United States Department of Agriculture, Soil Survey Staff 2006).
Samples for chemical analyses were prepared according to the procedure proposed by Agrawal et al. (1991) . Calcium carbonate content was assessed with Scheibler's volumetric method with the use of a Calcimeter (Eijkelkamp Soil & Water, Giesbeek, Nederland) (Williams 1949) . The total organic carbon after: Zagórski 2013 Plant Soil (2019 (C-t) and total nitrogen (N-t) contents were determined using a LECO CNS elementary analyser (LECO Truspec CN, USA). Plant-available P and K in the soil were extracted with the calcium lactate Egner-Riehm method (Egner et al. 1960 ) and determined using UVViS spectrophotometry (Perkin-Elmer, Model Lambda 12, Waltham, Massachusetts, USA) and F-ASS technique (Agilent 240 FS F-AAS, Santa Clara, California, USA), respectively.
Heavy metal analysis in the soil and plants Soil and plant samples (shoots and roots rinsed in distilled water) were dried first on air and afterwards at 105°C to constant weight. In order to determine the pseudototal (hereafter referred to as total) content of heavy metals, the soil and plant samples were dissolved with aqua regia (ISO 11466 1995) . Trace elements in the soil extracts were determined using the F-AAS technique (Agilent 240 FS F-AAS, Santa Clara, California, USA).
Quality control in the soil and plants
The accuracy of the determination of C-t and N-t in the soil was tested against certified reference material (calibration soil sample ref. Analyses of heavy metals were carried out based on reference soil samples, SO-2, and SO-4 from the Canada Centre for Mineral and Energy Technology. The detection limits for F-AAS expressed in μg L -1 were as follows: 1.5 for Cd, 3 for Cu, 6 for Cr, 10 for Ni and Pb, and 1 for Zn. The precision of the analyses was within the range of approximately 1.9% to approximately 8.0% (e.g. 1.87% for Cu; 2.12% for Cd; 2.22% for Pb; 3.04% for Zn; 7.4% for Cr, and 7.2% for Ni).
Assessment of pollution in the soil and plants
The degree of heavy metal contamination of the soil and plant tissues was determined by calculation of the geoaccumulation index (I geo ), enrichment factor (EF) (Tables 3 and 4) , and pollution load index (PLI) for the soil. I geo was calculated according to the equation: I geo = log 2 [C n /1.5 × B n ], where C n is the measured concentration of the metal and B n is the geochemical background of the metal (Muller 1969) . This index divides the soil and plants into seven classes: 0 -uncontaminated (I geo ≤ 0); 1 -uncontaminated to moderately contaminated (0 < I geo ≤ 1); 2 -moderately contaminated (1 < I geo ≤ 2); 3 -moderately to heavily contaminated (2 < I geo ≤ 3); 4 -heavily contaminated (3 < I geo ≤ 4); 5 -heavily to extremely contaminated (4 < I geo ≤ 5); 6 -extremely contaminated (I geo ≥ 5).
EF was estimated as
where C x is the measured concentration of the metal and C ref is the concentration of the reference element for normalisation (Dragović et al. 2008 ). This factor was calculated choosing Fe (2.49%; Ottesen 2015) as a reference element. According to EF, the soil and plants are classified into five contamination categories: 1 -deficiency to minimal enrichment (EF < 2); 2 -moderate enrichment (EF = 2-5); 3 -significant enrichment (EF = 5-20); 4 -very high enrichment (EF = 20-40); 5 -extremely high enrichment (EF > 40).
PLI for the soil was calculated as follows:
1/6 , where CF is the contamination factor obtained by calculating the difference between the concentration of each metal and its geochemical background value (Tomlinson et al. 1980) . Based on PLI, there are two categories: the presence (PLI˃1) or absence (PLI˂1) of contamination.
The biological accumulation factor (BAF) was calculated with the equation: BAF = C S /C, where C S is the metal concentration in the plant shoot (S) and C is the metal concentration in the soil. The bioconcentration factor (BCF) was estimated as follows: BCF = C R /C, where C R is the ratio of the metal concentration in the plant root (R) and C is the metal concentration in the soil. The translocation factor (TF) was defined as TF = C S / C R , where C S and C R are the metal concentrations in S and R, respectively. TF allows measuring plant effectiveness in translocating the metal from roots to leaves.
Microbiological analysis of the soil
The assessment of number and biodiversity of microorganisms was carried out in 21 rhizosphere soil samples, whose weight was sufficient for performing microbiological analysis. In eight of the tested soil samples (POC-2, REIN-2, CH-3, −5, −6, −8 and LN-2, −3), plant communities were not determined due to the absence of dominant species. The number of three groups of microorganisms, i.e. oligotrophs, copiotrophs, and fungi, was determined with the soil dilution technique and expressed as colony forming units (CFU) per gram of dry weight of soil. Copiotrophs were cultivated on PYS agar (Alef 1995) , oligotrophs on 100-fold diluted PYS, and fungi on Martin medium (Martin 1950) . The cultivations were performed for 21 days at 20°C. The biodiversity of microorganisms was presented as the ecophysiological diversity index (EP) and the colony development index (CD). The EP index was calculated as follows: EP = −Ʃ(p i x log10 p i ), where p i is the population in class i to the total population for each of the colonies appearing on each of the 21 days (De Leij et al. 1993; Kotsou et al. 2004 ). It ranges from 0 to 1 and reaches 1 when the same number of colonies appears on each day over 21 days. The EP index is a determinant of the number of classes of microorganisms and the number of microorganisms in each class. A high EP value indicates a large diversity -a large number of classes and a similar number within the classes. The CD index was expressed as CD = [N1/1 + N2/2 + ... + N21/21] × 100, where N 1 , N 2 , and N 21 are the proportions of bacterial colonies appearing on days 1, 2, and 21 (Sarathchandra et al. 1997) . It ranges from 10 to 100 and achieves 100 when all colonies of microorganisms have grown after 24 h. High CD values indicate a larger share of a group of microorganisms with the r strategy and low values indicate the K strategy.
Data analysis
All the statistical analyses were carried out using Statistica 6.1 (Stat Soft. Inc.) and were expressed as the average value X ̅ with standard deviation (SD). Responses of the microorganisms and plant species to the concentration of heavy metals in the soils were evaluated with multivariate methods in the MVSP 3.21 package (Kovach 1999) . The collected data (21 samples were used to compare the soil properties with microbiology and 21 to compare the soil properties with heavy metals in plants) were analysed statistically after standardisation. Based on the length of the data gradient (1.8-0.9 SD), the principal component analysis (PCA) was carried out. The concentration of heavy metals in the soil and plant samples and the relationship between them (BAF, BCF) were regarded as independent variables, as well as the number of the three groups of microorganisms and the EP and CD factors. All analyses were based on the average values of variables for a given sample.
Results
Soil analysis
The research area was characterized by diversified soil cover with Haplic Cryosols, Reductaquic Cryosols, Hyperskeletic Cryosols, and Leptic Regosols (IUSS Working Group WRB 2015) ( Table 1 ). In our study, the alkaline pH (7.8-8.5 in H 2 O and 7.5-8.5 in KCl) was related to the presence of carbonates in the soil material (from 6.0 to 37.3%). CaCO 3 was detected in the POC, REN, and partially CAL samples (Table 2) . These samples were characterized by almost full saturation of the sorption complex with basic cations. Soils that did not contain carbonates were characterized by acidic to neutral pH (5.1-7.3 in H 2 O and 4.9-7.0 in KCl) and demonstrated higher C-t content in REIN and LN. The highest Hh values accompanied the highest CEC values. The highest values for both parameters were measured in REIN-2 and 3. The variability of V reached from 71.1 to 99.5%. Lower values of V were noted in soils where CaCO 3 was not detected and were mostly accompanied by a high Hh value ( Table 2) .
The studied soils were incipient soils with poorly formed profiles and a large proportion of skeletal parts. In our research, sites abundant in both coarser material (sand and loamy sand texture -17 samples) and silt and clay fractions (silt loam and sandy loam texture -15 samples) were often very closely located. Almost all the soil surface horizons in our research were characterized by predominance of the sand fraction, ranging from 34.9% to 87%, whereas the content of the clay fraction was very low, ranging from 0.2% to 6.9% (Table 1) .
Determination of the relationship between the geological structure and the lithology of the bedrock as well as the physico-chemical properties of the soils in the sampling areas was problematic. In some part of the area, the lithological situation was complicated by the fact that a thick series of late deposits in the form of two generations of tills separated by marine mud and sand. Other areas seemed to be less non-homogeneous.
The C-t content was high, reaching mostly from 3 to 5%. The C-t values were higher than 10% for five samples (between 12 and 30%), and lower than 1% for only three samples. Soils occurring in the quite poor tundra environment were characterized by varied content of C-t (0.74-31.15%) and N-t (not detected-1.71%), and hot spots with high C-t and N-t content were found in the REIN and LN locations (Table 2 ). Generally, the tested areas were characterized by a wide range of C:N ratio values. The difference in the C-t and N-t content reflects a C:N ratio ranging from~9 to~400. A characteristic of the REIN area was the high P concentration, while the LN area exhibited a high K concentration ( Table 2 ). The content of bioavailable P was more diversified than that of K and ranged from 1.1 to 95.4 mg kg
, which can indicate nutrient abundance in the studied areas. Lower pH and higher P content dominated in the REIN, CH, and LN areas.
Heavy metal analysis and assessment of pollution in soil and plants According to the data on the concentration of total and available heavy metals in soil (Table 3) , the ratio of the available to total concentration shows the proportion of metals that can be potentially utilized by plants. The highest difference between the total and available metals was detected for Fe and Mn (almost 100 times); the difference for other metals was similar (approx. 10 times). The values of the I geo and EF indices confirm that the soils were unpolluted (I geo ≤ 0 and EF˂2), except for partial pollution by Cd (Table 3) . PLI, which was in the range of 0.29-0.85, did not indicate contamination (data not shown).
We calculated the contamination of the soil based on the local background, which reflects the best conditions prevailing in the specific area. As demonstrated by our results, the exceeded Cd concentration was manifested as higher I geo and EF indices. A high Cd concentration was detected in the LN area, whereas Cu, Zn, and Ni were abundant mainly in the REN, POC, and CAL areas, while the level of Pb was higher in some parts of the REIN and LN areas (Table 3) .
The PCA ordination analysis of the content of heavy metals in the soil samples showed their gradient in the studied area. All the variables analysed, except for Pb for axis 2, were statistically significant at a level of p < 0.05. Four axes of the diagram explained ca. 83% of the data variability, i.e. the first axis -ca. 42% and the second axis -16%. The ordination diagram showed two main trends of the variation in the content of the heavy metals studied (Fig. 1) . The first one was related to the first axis and positively correlated with all the variables tested, except Zn. The strongest correlation with this axis was shown by Mn, Cu, and Pb. This axis determined the gradient of the content of the analysed elements in the soil. Group I of the study sites represents an Dra Draba corymbosa; Dry Dryas octopetala; Oxy Oxyria digyna; Sal Salix polaris; Sax Saxifraga oppositifolia; Sil Silene uralensis; Hh hydrolytic acidity; TEB total exchangeable bases; CEC cation exchange capacity; V degree of base saturation; t total; a available; ns plant communities not determined due to the absence of dominant species; nd not detected increasing content of Fe, Cr, Cu, Mn, and Pb, starting from the CH-1 and CH-2 to CAL-6 and CAL-9. Group II was negatively correlated with the first axis; it exhibited high content of Zn and low content of the other metals. The second axis of the PCA ordination diagram was strongly positively correlated with content of Cd, and this axis determined the gradient of Cd in the studied soil (Group III). The Cd content decreased from the CAL-5 and CAL-6 (located above the 2nd axis and positively correlated with it) to CAL-7 and REN-1 (negatively correlated with the discussed axis), where the lowest content of Cd was recorded. The concentration of heavy metals in plant tissues and the I geo and EF indices are presented in Table 4 . The highest concentrations were reported for Fe, followed by Mn and Zn, and the lowest content was detected for Cd (Table 4) . The values of the I geo index showed that 7 samples belonged to class 1, 3 -to class 2, and 1 -to class 4 in the case of Cd (Table 4 ). For Zn, 7 samples were categorized as class 1 of the I geo index and 1 -as class 2. Two samples represented class 1 in the case of Pb and 1 sample belonged to class 1 for Fe. The calculations of EF for the plant tissues showed that, in the case of Cd, 5 samples belonged to category 2, demonstrating moderate enrichment (Salix shoots in the POC-1 and CH-4 area, Salix roots in REIN-3, Dryas shoots in CH-2) and 1 sample was categorized into class 3, indicating significant enrichment (Salix shoots in REIN-3). For Zn, 3 samples belonged to category 2 (Salix shoots in CH-4 and REIN-3).
In PCA, all analysed variables, except Pb for axis 1, were statistically significant at a level of p < 0.05 (Fig. 2a) . Four axes of the diagram explain ca. 86% of the data variability, including the first axis -ca. 34% and the second axis -28%. The first axis is the most important for the data distribution and is strongly positively correlated with the average content of Zn, Cu, and Cd. The second axis of the ordination diagram was strongly positively correlated with the average content of Fe and Cr and determined the gradient of accumulation of these heavy metals in the tested plant material. This phenomenon was visible in the decreasing content of Fe and Cr from CH-2 in Dry to CAL-1 in Sax (Fig. 2a) .
The values of BAF, BCF, and TF are presented in Supplementary Table 2 . The BAF index showed the highest amount of transported Zn (8 cases), followed by Cd (5), Ni (3), and Pb (3), and similar amounts of Zn and Cd (1). The BCF index showed that Cd and Ni were transported mostly in the same number of cases (3 cases each) as well as Zn (2 cases). As shown by TF, Cd and Pb (2 cases each) were transported most efficiently from roots to shoots, followed by Zn and Cr (1 case each), and Ni with the least efficient transport.
The BCF and TF indices were examined in the next PCA ordination analysis (Fig. 2b) . It showed statistical significance of all tested variables, except for Cu for the first axis and Cr for the second one. The first axis of the ordination diagram explained 31%, the second -ca. 21%, and 4 axes -ca. 82% of the data variation. The first axis was correlated positively with the Zn and Cd content in the plant material and negatively with the Fe, Cr, and Mn content. The second axis was strongly positively correlated with the Cu, Zn, and Ni content and negatively correlated with Pb and Mn.
Analysis of microorganisms
Compared with copiotrophs, the same or a slightly lower number of oligotrophs was observed. Only in CAL-3, 7 (Dra rhizosphere), POC-2, and REIN-2, an approximately 1 log 10 lower number of oligotrophs was detected (Fig. 3a) .
We obtained high EP indices for copio-and oligotrophs, and the lowest EP values for fungi (Fig. 3b) . The CD values were low and did not exceed 40. The highest values of this index were achieved mainly by fungi, and the lowest index was noted mainly for oligotrophs (Fig. 3c) . Overall, the small number of fungi corresponded with the low EP index and the high CD index, whereas a reverse relationship was noted in bacteria. This indicates that the average number of fungi was inversely proportional to the number of bacteria. The exceptions, CAL-4 and CAL-7, were characterized by a high average number of all groups of microorganisms.
The PCA ordination analysis facilitated determination of the relationships between the average number of microorganisms (oligo-, copiotrophs, and fungi) (Fig. 4a) . All analysed variables were statistically significant at a level of p < 0.05. The first axis explaining ca. 83% of the data variability had the greatest importance for the data distribution. The first axis revealed the rising share of microorganisms in the soil, whose number was positively correlated with this axis. The ordination diagram showed an increase in the average number of oligo-and copiotrophs from CAL-1 to CAL-6 on the left side of the diagram (Fig. 4) and the relationship between them.
The occurrence and share of microorganisms in the examined material were also shown by means of the EP and CD indices, which were dependent variables in the CAL-7 42 ± 1.6 0.34 ± 0.01 0.04 ± 0.01 14.6 ± 2.8 1.06 ± 0.07 14.6 ± 1.1 1.12 ± 0.06 285 ± 25 3.5 ± 0.06 2.8 ± 0.24 0.27 ± 0.05 20.1 ± 3.7 1.81 ± 0.14 36 ± 0.9 3.6 ± 0.31 Dra Draba corymbosa; Dry Dryas octopetala; Oxy Oxyria digyna; Sal Salix polaris; Sax Saxifraga oppositifolia; Sil Silene uralensis; S shoots; R roots; nd not detected PCA analysis (Fig. 4b) . The EP and CD were statistically significant for the first and second axis of the ordination diagram and explained ca. 36% and 29% of the data variability, respectively. The EP for oligo-and copiotrophs was most strongly positively correlated with the first axis, but the CD was negatively correlated for the analysed groups of bacteria. The study sites negatively correlated with the first and/or the second axis, e.g. CAL-1, 3, and 9 as well as CH-2 and 3 were characterized by low values of EP and CD for bacteria. High values of the analysed indices were observed in sites positively correlated with axis 1, e.g. CAL-7, CH-8, LN-1, and POC-1. In most cases, the high or medium EP values for bacteria were associated with the low values of this coefficient for fungi, except for REIN-2, where the EP values for copiotrophs and fungi had the highest values in the analysed material. The low values of CD for fungi in CAL-5 and 9 as well as CH-2 coincide with the low values for bacteria. The highest values of CD were recorded in CH-8, REIN-3, and CH-6 and were positively correlated with axis 2. The second axis of the ordination diagram determined the CD gradient for fungi.
Discussion
Characteristics of soil
The diversified texture of the soil occurring in close vicinity may be interpreted as local differentiation in sedimentation and/or contemporary periglacial processes, e.g. cryoturbation, solifluction, and gelifluction (Szymański et al. 2015) . Soils formed from different materials also exhibit variable content of stone, gravel, sand, silt, and clay fractions. However, as noted in Klimowicz et al. (2009) , most of the soil surface horizons in our research were characterized by predominance of the sand fraction, and the content of the clay fraction was very low (Table 1) . Soil texture influences heat propagation in the ground; thus, since sandy soils exhibit the highest rate of thawing, the thickness of the active layer is also the highest. Generally, the tested areas were characterized by a high C:N ratio, which demonstrated different stages of organic matter decomposition in soils ( Table 2 ). The wide range of C:N ratio values may indicate different stages of development of the Spitsbergen soils. The lowest C:N values were found in the REIN, CH, and LN locations, which are characteristic for welldistributed soil humus. In most samples, the C:N ratio was in the range from 10 to 30, which corresponds with that in mature soil. Similar C:N ratios calculated for soils in Spitsbergen were reported by Dziadowiec et al. (1994) and Solheim et al. (1996) . Low pH corresponded with high P-a content and dominated in the REIN, CH, and LN areas (Table 2) , which can be partially explained by the presence of seabird guano. Alkaline guano is converted into nitrate and oxalic acid decreasing soil pH (Szymański et al. 2015) . Organic and inorganic acids have an influence on the solubility of insoluble P compounds and determine the bioavailability of P resources (Kurek et al. 2013) . Similar concentration of K-a in Fig. 1 Ordination diagram showing the result of the PCA for the heavy metal content in soil. Eigenvalues: Axis 1-6.36, Axis 2-2.47. Other abbreviations as in Table 1 Spitsbergen soil was reported by Klimowicz and Uziak (1988) . All the analysed soils developed from heterogeneous parent material, which is the explanation for their chemical diversity.
Heavy metals in the soil and plants
In contrast to the findings reported by Nikitina et al. (2015) , the order of heavy metal accumulation in the soil was as follows: Mn > Zn ≥ Fe > Cu > Pb > Ni > Cd for the total content, Zn > Mn ≥ Pb ≥ Cu > Cr > Fe > Ni (Table 3) for the available forms, and Fe > Zn ≥ Mn > Ni ≥ Pb > Cu ≥ Cd in plant tissues (regardless of the shoots and roots) ( Table 4) . As demonstrated by this rank, the location of Cd and Pb in the order of the total content of heavy metals accumulated in the soils and plants was the same. In the plants, high Zn and Mn concentrations were detected, which reflected the highest concentrations of available Zn and Mn. The I geo index seems to be more sensitive than EF and PLI in showing alleviation of the heavy metal concentration in the soil (Table 3 ). In our research, the exceeded Cd concentration was manifested as the higher I geo and EF indices, which was consistent with the results reported by Hao et al. (2013) . The source of heavy metals is mostly associated with long-range atmospheric transport, coal combustion, and bedrock geology, and is partially dependent on the local rock type (Gulińska et al. 2003; Kosek et al. 2018) . On the one hand, the higher Cd concentration was related much more strongly to airborne pollutants from Europe, North America, and Asia than to the geology of the bedrock (Ottesen 2015) . Wind can bring pollution from different and distant areas. The dominating wind directions vary from season to season, e.g. they were W, NE, and E in 2014 (Mędrek et al. 2014), and ENE, NW, E, and WNW in 2015 (unpublished data) . Moreover, the sea aerosol can be a source of heavy metals such as Pb (Kłos et al. 2017) . On the other hand, the high Cd concentration can be connected with the Triassic bedrock (Ottesen 2015) , as in the LN area, whereas Cu, Zn, and Ni are abundant mostly in basic igneous rocks -mainly the REN, POC, and CAL areas, while acid igneous rocks are rich in Pb (Ottesen et al. 2010 ) -partially in the REIN and LN areas. The vicinity of the seabird colony elevated the concentrations of some heavy metals, such as Zn, Mn, Cu, and Cd (Ziółek et al. 2017 ). In the alkaline environment (e.g. CAL, POC, and REN), metals can reduce mobility in three ways: forming precipitates, elevating the number of available absorption sites, and lowering the competition of H + for absorption (Krajcarová et al. 2016) .
Our results support the hypothesis of a restricted human impact on the distribution of heavy metals in Spitsbergen. The local distribution was confirmed by the absence of long-distance transport of heavy metals, which agrees with the findings reported by Gulińska et al. (2003) .
The PCA analysis for the average content of the investigated metals in the plant material showed their diversity and dependence on the life form and persistence of the species (Fig. 2a) . The highest accumulation of Zn, Cu, and Cd was recorded in the perennial woody species Salix polaris and Dryas octopetala.
It was demonstrated that the examined metals were more strongly accumulated in the shoots and roots of the woody perennials compared to the herbaceous plants (Fig. 2b) . This relationship applies to both above-and underground organs (Table 4 ). The uptake of metals by plants can be determined by plant biomass, e.g. increased biomass can dilute the metal concentration, which is responsible for incorrect determination of metal concentrations (Wojtuń et al. 2013) .
Relationships between soil and plants
The PCA analysis compared the content of heavy metals in the soil (Fig. 1 ) and plant samples (Fig. 2c) . All the variables analysed were statistically significant at a level of p < 0.05, except for Mn in the plants for axis 1, Pb in the plants for axis 2, and Cu in the soil for axis 2. The four axes of the diagram explained ca. 71% of data variability, including the first axis -ca. 31% and the second one -16%. In general, the first axis of the ordination diagram was positively correlated with the content of heavy metals in the plant samples, except Pb, and negatively correlated with metals in the soil, except Zn. Our results show differences in the concentration of Table 1 heavy metals in the studied soils and plants (Fig. 2c) . It was found that the various plant life forms accumulate metals differently, e.g. the highest content of Fe and Cr was recorded in the herbaceous perennial plants Draba oxycarpa, Saxifraga oppositofolia, and woody perennial Dryas. In the herbaceous plants, relatively high Ni content was observed as well. Similar to the report presented by Wojtuń et al. (2013) , our data show that Salix polaris was the best accumulator of elevated levels of Cd and Zn.
Microbial abundance and diversity
The genetic differences between microorganisms enable them to adjust to changes in the environment and to survive (De Leij et al. 1993; Sarathchandra et al. 1997; Borowik et al. 2017) . Varied amounts of microorganisms in different soil samples may be associated with their succession induced by the death of sensitive microorganisms and reproduction of more tolerant ones (Borowik et al. 2017) . The number of cultivable microorganisms in the examined Spitsbergen soils was very high (Fig. 2a) . The number of oligo-and copiotrophs was similar to the number determined in the rhizosphere of Allium sp. in temperate climate (Winiarczyk et al. 2014) . In Allium rhizosphere, a lower number of oligothan copiotrophs was detected, but similar numbers were observed in root free soil. Such results, also in the Spitsbergen soil, may be connected with a small increase in plant biomass and, hence, with a small amount of root exudates. Similar to Kotsou et al. (2004) , we obtained high EP indices for both copioand oligotrophs, which indicated high bacterial diversities, and the lowest EP values for fungi (Fig. 3b) . The highest values of the CD index were achieved mainly by fungi, while oligotrophs were characterized by the lowest CD value (Fig. 3c) , which indicated that these microbial groups represented the r and K strategies, respectively. This indicates that the abundance of fungi was generally low, which corresponded with the higher number of bacteria. Our results partially corresponded with the data presented by Shatlovich et al. (2009) .
In polar regions, the variation in the bacterial community structure is based on various factors, e.g. the soil depth or the season of the year (Blaud et al. 2015; Kosek et al. 2018 ). In our research, it seems that the number and biodiversity of microorganisms is multicausal.
Relationships between soil and microorganisms
The physico-chemical properties of soil do not clearly explain the number of rhizosphere microorganisms, which is in opposition to the data reported by Mapelli et al. (2018) . Recent findings show that both copiotrophic and oligotrophic life strategies exhibited by members of many bacterial phyla were consistent with their capacity to degrade carbon. However, they responded positively and negatively to nitrogen amendments (Ho et al. 2017) , which is in agreement with our results that the microbiome reacts diversely to environmental agents.
The concentration of the studied heavy metals in the soil and the mean number of microorganisms were subjected to the PCA ordination analysis (Fig. 4c) . It evidenced statistical significance of all tested variables, except for the number of fungi and for the Cr content for the first axis and the Cr, Cu, and Mn level for the second one. The first axis of the ordination diagram explained 33%, the second ca. 24%, and 4 axes ca. 81% of the data variation. The first axis was negatively correlated with the number of copio-, oligotrophs, and fungi and there was a strong positive relationship with the Cu, Mn, and Fe content. The second axis was strongly positively correlated with the number of microorganisms and negatively correlated with Zn.
In agreement with Grzesiak et al. (2015) , in spite of the differences in the content of some elements in the analysed soils, the microbial numbers are comparable, thus the absence of a direct relationship between the content of the studied elements in the soil and the number of microorganisms (Fig. 4c) was confirmed. This suggests that other factors control the microbiome population. The structure of the microbial community was partially dependent on pH, soil water content, and the content of C and N. Moreover, soil microorganisms play a key role in release of nutrients from minerals, thereby forming a new environment not only for themselves, but also directly for plants (Górniak et al. 2017) . The number of culturable microorganisms was very high, which implies that they were considerably involved in the transformation of compounds containing C, N, and P, as well as in the availability of heavy metals. The microorganisms exhibited great plasticity and adaptability to the adverse Arctic environment. Table 1 Relationships between soil, microorganisms, and plants Our interdisciplinary experiments matching the different levels of environmental agents (e.g. geomorphology, climate, soil properties, plants, and microorganisms) completed the picture of the multi-dependence in nature. Our results did not confirm a direct relationship between the content of the studied elements in the soil, plants, and the number of microorganisms.
The main mechanism regulating the dynamic equilibrium among the soil parameters, plant species, and microbial numbers and biodiversity can rely on the balance between local substrate availability, microhabitat conditions, and meteorological elements. According to the concept of niche construction, interactions of living organisms modify their physical environment influencing geomorphologic processes and surface structures (Corenblit et al. 2011 ). Plants and microorganisms can accelerate the production of various clay minerals, thus soils should be treated as expression of biological evolution. Moreover, soil fertility and metal content are associated with plants (Wojtuń et al. 2013 ). The organisms living in the adverse environment of Spitsbergen have developed specific physiological and/or anatomical adaptations, which improved their resistance and survival possibilities leading to eco-evolutionary (e.g. the structure of local communities) and co-evolutionary changes (e.g. coadjustments between biotic and abiotic factors) (Corenblit et al. 2008 (Corenblit et al. , 2011 .
Furthermore, with increasing temperature and wetter conditions, microbial and plant communities can significantly change their structure and activity, which may be responsible for an increase in the efflux of gases (Nikrad et al. 2016) . Given the multifactorial dependence of living organisms in adverse environmental conditions, the ability of plants and microorganisms to develop unique properties and mechanisms to survive and cope with unfavourable agents seems worth exploring.
Conclusions
The soil samples varied considerably in pH -from acid to alkaline, texture -from sand to loamy sand, and C:N ratio -from very low to high. No significant impact of the geochemical properties on the total content of heavy metals in the soil was identified. Heavy metals in soils were locally distributed with a limited influence of the human activity, which was confirmed by only partial Cd elevation presented as I geo and EF. Metals in the plants were distributed depending on the life form, i.e. their content was higher in the woody perennials, such as Salix polaris, Dryas octopetala, and Draba corymbosa than in the herbaceous perennials, but the concentration of the metals was species-dependent. The similar position of Cd and Pb in the order of heavy metal accumulation in the soil and plants was confirmed. TF showed that mainly these two metals were transported efficiently from roots to shoots. Very high numbers of culturable microorganisms were determined, regardless of the soil properties and plant species, which indicated that they were involved in the transformation of compounds containing C, N, and P, and in the availability of heavy metals. The microorganisms and plants colonizing Spitsbergen soils showed great plasticity and adaptability not only to low temperatures, but also to other extreme conditions (e.g. presence of Cd), which indicates that they have a high potential to be used in investigations conducted in other extreme conditions. Fig. 4 Ordination diagram showing the result of the PCA for microorganisms: a the average number of oligo, oligotrophs; copio, copiotophs, and fungi. Eigenvalues: Axis 1-1.29, Axis 2-14.50. b The EP and CD indices. Axis 1-2.14, Axis 2-1.72. c The relationship between concentration of heavy metals in the soil and the mean number of microorganisms. Axis 1-3.65, Axis 2-2.63. Other abbreviations as in Table 1 
